We have previously shown that patients with renal fibromuscular dysplasia (FMD) have asymptomatic carotid lesions and that familial forms may occur. The objective of this study was to test whether carotid lesions could be detected in relatives of familial cases. High-resolution echotracking of the carotid artery was performed in 47 relatives of 13 cases from six families. This non-invasive investigation led to a semiquantitative arterial score that was compared with that obtained for 47 controls matched for age and sex and that for 125 sporadic cases. Familial resemblance was tested by using a generalized estimating equation approach taking into account the clustering of scores in families. As expected, FMD cases had a significantly higher score than controls (4.02 vs 2.52, Po10
We have previously shown that patients with renal fibromuscular dysplasia (FMD) have asymptomatic carotid lesions and that familial forms may occur. The objective of this study was to test whether carotid lesions could be detected in relatives of familial cases. High-resolution echotracking of the carotid artery was performed in 47 relatives of 13 cases from six families. This non-invasive investigation led to a semiquantitative arterial score that was compared with that obtained for 47 controls matched for age and sex and that for 125 sporadic cases. Familial resemblance was tested by using a generalized estimating equation approach taking into account the clustering of scores in families. As expected, FMD cases had a significantly higher score than controls (4.02 vs 2.52, Po10
À5
). Familial cases were not significantly different from sporadic cases. Of interest, the 47 apparently healthy relatives of familial cases had also a high carotid score (4.17), very significantly higher than that of controls (2.52, Po10 À5 ) even though lower than the corresponding index FMD cases (4.81, P ¼ 0.01). Segregation analysis showed that 52% of the descendants of subjects with a score 44 had a score 44, a proportion consistent with autosomaldominant transmission of the trait. Altogether these results strengthen the hypothesis of renal FMD being a systemic arterial disease and argue for a familial resemblance that may be due to a major genetic effect. The carotid score obtained by high-resolution echotracking may provide a non-invasive surrogate marker
Introduction
Renal artery fibromuscular dysplasia (FMD) is a rare, non-atherosclerotic, non-inflammatory vascular disease of truncal or branch kidney arteries, of unknown pathophysiology. In medial FMD, the most prevalent form of FMD, pathologic examination shows successive areas of parietal thickening (corresponding to medial hyperplasia) and dilatation (following disruption of internal elastic lamina). These arterial alterations may lead to stenoses and saccular aneurysms. In medial FMD, renal artery lesions usually present as multiple, multifocal stenoses with intervening aneurysms causing a 'string of beads' appearance, whereas unifocal stenoses are usually associated with intimal FMD. If renal artery stenoses are severe, FMD may result in renovascular hypertension and, if dissection occurs, in renal infarction. 1, 2 Medial FMD occurs predominantly in middleaged Caucasian women, and a number of risk factors have been identified in this group of women: smoking habits, oral contraceptive intake and genetic factors. 1, [3] [4] [5] Medial FMD may present as a familial disease, defined as the presence of angiographically documented FMD in at least two firstdegree relatives. 6 It has also been suggested that FMD is transmitted as an autosomal-dominant disease with incomplete penetrance and variable clinical symptoms. 7, 8 Identifying the genes responsible for FMD is therefore an appropriate strategy for investigation of the pathophysiology of this disease. However, this approach requires the identification of a reliable phenotype for separating unaffected and affected subjects, even in the absence of symptoms. Renal artery duplex sonography may be not sensitive enough, especially in cases of non-stenotic lesions 1 and computed tomographic or magnetic resonance angiography have a poor specificity in patients with FMD. 9 Renal angiography is an invasive test and would be unethical to use for the characterization of normotensive members of a pedigree. We recently showed, with carotid artery high-resolution echotracking techniques, that FMD is actually a systemic disease and that subclinical lesions of the common carotid artery (CCA) wall are commonly found in patients with renal artery medial FMD. An arterial phenotypic score of 2 (normal) to 7 (highly abnormal) has been shown to be strongly associated with FMD. 10 In this study, we used this score as a surrogate marker for renal FMD phenotype, in the characterization of first-degree relatives of affected subjects. We selected pedigrees containing at least two patients with angiographically proven renal FMD. We showed, using a generalized estimating equation (GEE) approach, that relatives of renal FMD familial cases have significantly higher arterial score values than matched controls, suggestive of the presence of subclinical arterial lesions. We performed a segregation analysis in six families, treating arterial score as a dichotomous trait. We found that 'score 44' was a heritable trait with an autosomal-dominant mode of inheritance.
Methods
Patients and subjects Fourteen (6.1%) of the 228 FMD patients referred to the Hypertension Unit of our institution since 1986 were considered to correspond to familial cases because at least one of the first-degree relatives of these patients (the sister in 13 cases) also had angiographically proven renal FMD. Three of the 14 families concerned were impossible to trace, one could not be studied for geographical reasons and two consisted of two FMD cases with no living relatives. The relatives of the FMD cases in the eight remaining families were asked to participate in a clinical research protocol based on a routine clinical examination, together with arterial echotracking and blood sampling for DNA extraction and analysis. These eight families contained 113 eligible relatives, of whom 26 refused to participate, 23 could not be contacted and 17 were willing to participate but could not because of geographical constraints. The final analysis included 47 Caucasian relatives from six pedigrees studied in detail ( Figure 1 ). These subjects were compared with 47 normotensive Caucasian control subjects matched for age and sex, who were recruited during the same period among the medical staff members and their families. Control subjects known to be hypertensive were excluded. They underwent the same procedures, carried out by the same trained technicians (EB, BL), as FMD patients and relatives. The study was approved by our institutional ethics committee (Approval CCPPRB Paris-Cochin # RBM 00-028) and all subjects gave written informed consent. As previously described, for a part of this cohort (N ¼ 104), each FMD patient underwent a standardized medical evaluation. 6 The procedures followed were in accordance with institutional guidelines.
Echotracking measurements
This investigation was performed in a controlled environment kept at þ 22711C, after the subject had remained in a recumbent position for 15 min. Right CCA was studied 2 cm beneath the carotid bifurcation, with a 7.5 MHz linear array ultrasound probe (Pie Medical 350, Maastricht, The Netherlands) coupled with an echotracking system (Walltrack System, Pie Medical), as described previously. 11 We first checked inter-observer reproducibility; the results were then read blind by two observers (JP, PB), and the arterial phenotypic score was determined as described previously (Table 1, Figure 2 ). 10 For each patient, relative and control, we recorded several B-mode images and RF signals graphs, to prevent image-associated reading errors. Even if only the measurements on right CCA are presented in this work, our echotracking protocol systematically included the examination of proximal internal carotid artery and CCA 2 cm beneath the bifurcation on both sides. Moreover, presence of atherosclerotic plaques was systematically recorded to avoid any artificial increase of the score.
Statistical analysis
Comparisons of scores. Data were analysed in a generalized linear model framework. The arterial phenotypic score is regressed on covariates (sex, age) and to compare scores between groups (familial vs sporadic cases, relatives vs controlsy), a binary variable discriminating the groups to be compared is added in the model. When all the individuals included in the regression are independent (controls, sporadic cases), this is strictly equivalent to a Student's t-test for comparing mean values of the score in the two groups, adjusted for the covariates. When several related individuals are included (multiple cases or multiple relatives from a particular family), tests should account for it. Indeed, as we suspect a familial correlation of the score, neglecting the relatedness of the individuals would misestimate the variance of the regression parameters and artificially either increase or decrease the significance of the tests. To account for subject relatedness, we used a GEE approach. 
whereS i is the working correlation matrix of Y i . Because we have no model for the familial dependence of the score, we used the identity matrix as a working correlation matrix in the calculation ofb ¼ ð P
This corresponds to a linear regression analysis on independent observations where the clustering of data in families is preserved. An estimate for the variance ofb robust to the misspecification of the familial dependences of the score is
which, if the identity matrix is used forS i ; can be reduced to
For each regression parameter b j we tested the null hypothesis b j ¼ 0, with a standard Student's t-testb j . ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi varðb j Þ q where the robust variance is used. A given individual is characterized by B-mode score and radiofrequency signal score. The minimum score is 2, and the maximum score is 7.
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Mode of transmission. We investigated the mode of transmission of renal FMD, using the arterial score as a surrogate marker, by converting the score into a dichotomous trait, using an optimal threshold of 4 to separate affected and unaffected individuals. We plotted receiver-operating characteristic curves, which showed that a score 44 was associated with a maximum specificity of 97.8% and a sensitivity of 65.9%. Only one control subject (2.1%) had a score 44. As familial cases were selected on the basis of there being at least two affected cases in the family, we could not run a classical segregation analysis using the score as a trait. Instead, we based our inference on the transmission pattern of the trait in offspring of selected cases. This approach is conditional on the information regarding the selected cases, and is thus unbiased even when families are not selected at random.
Results
The six FMD pedigrees contained two affected trios of sisters and four affected pairs (Figure 1) . One of the affected trios had only one surviving firstdegree relative, a brother, whereas the other five kindreds provided 4-15 relatives spanning 2-3 generations. Only one proband with typical multifocal FMD was male. The clinical and radiological characteristics of the familial and sporadic cases of renal FMD (Table 2) were consistent with published reports of female predominance and moderate to severe hypertension. Familial cases more frequently displayed bilateral and multifocal lesions than did sporadic cases. Ten relatives were known to have hypertension (21%). Cardiovascular risk factors of the four groups are detailed in Table 2 . The distribution of arterial phenotypic scores for the 13 probands and affected siblings of the six pedigrees studied, the 125 sporadic cases, the 47 relatives and their matched control subjects is summarized in Figure 3 . For these 232 subjects, we detected a robust effect of age ðbage ¼ 0:02 with P ¼ 6.6 Â 10 À7 ), and a small but significant effect of sex (bsex ¼ 0:28 and P ¼ 0.024) on arterial score. We therefore compared the scores in the different groups, using the following regression model:
, where group is a binary variable contrasting the two groups.
The mean scores obtained were 4.81, 4.02, 4.17 and 2.52 for familial cases, sporadic cases, relatives of familial cases and controls, respectively. Table 3 presents the regression parameters of the model used to compare scores between these groups. It also displays the P-value for the test of the null Evidence of arterial wall subclinical lesions in relatives of FMD pedigrees J Perdu et al hypothesis b 3 ¼ 0, corresponding to the comparison of mean scores adjusted for age and sex and corrected for family clustering. The scores of sporadic and familial cases differ with statistically nonsignificant trends (P ¼ 0.07), but both were significantly higher than in controls (Po10 À5 ). Relatives had significantly lower scores than did familial cases (P ¼ 0.014), but these scores did not differ significantly from those obtained for sporadic cases (P ¼ 0.4). These results were not intuitive when mean scores were compared (i.e. 4.81 vs 4.02, P ¼ 0.07; 4.81 vs 4.17, P ¼ 0.014), highlighting the importance of correcting for familial structure. Very interestingly, scores in controls are significantly smaller than scores in relatives (Po10 À5 ). Age differences between groups did not confound the observed differences in scores. After splitting the population according to the median of age of propositus, we performed an analysis of variance including a population term (familial, relatives, sporadic cases or controls), and an age term (below and above median). Although this analysis confirmed higher scores in FMD patients, we did not observe any influence of age, nor interaction with population term.
There was no indication that different levels of atherosclerosis could have affected our results. As 
. No significant effect was detected (P-value of b 3 test ¼ 0.32). In addition, the four groups were not different concerning the incidence of smoking habit and dyslipidemia as well as for their mean body mass index. Only, presence of diabetes mellitus was more often present in familial cases and relatives than in sporadic cases and control population (P ¼ 0.04, w 2 test). Its higher frequency in FMD patients (7.5%) and their relatives (8.5%) is probably a spurious finding observed because of the observation of a small number of families. Subtraction of these subjects in the statistical analysis did not change the results.
Finally, we determined if our data were consistent with the dominant inheritance pattern suggested by previous reports. Our inferences on the mode of transmission of the trait 'score 44' were based on conditional information for the selected cases and focused on the sibships of subjects with a score 44. Data were available for 23 children from subjects with a score 44. Based on score phenotype, 12 of these children were affected (0.52), a proportion not significantly different from the 0.50 expected for a fully penetrant dominant model, conditional on one parent being affected. We therefore did not reject the hypothesis of an autosomal-dominant transmission.
Discussion
This study is the first to demonstrate the familial clustering of arterial lesions in FMD. Besides the many case reports of renal FMD in twins or firstdegree relatives (mainly sisters), the only previous evidence for the existence of familial forms of renal FMD was provided by a large study in which the diagnosis was suggested on the basis of medical charts or interviews and in which relatives were considered to carry the trait if they were known to have suffered various conditions such as myocardial infarction or peripheral artery occlusive disease. 7, [13] [14] [15] [16] We provide further evidence that FMD is a systemic, inheritable disease, based on the use of echotracking arterial score as a surrogate marker of renal FMD to characterize the genetic component of the disease.
In a previous case-control study of 70 renal FMD patients and control subjects matched for sex, age and blood pressure, we previously showed that echotracking score at the CCA was strongly associated with angiographic phenotype. A score 43 was associated with an odds ratio of 12.9 of having renal FMD. Scoring was shown to be reproducible by the blind, duplicate reading of 25 recordings at 6-month intervals, by three independent readers, providing a correlation coefficient of 0.9.
10 A similarly stringent protocol was applied to this familial study. The same trained technicians studied all subjects, using the same procedures, within the same period, and the same experienced readers determined scores after another thorough evaluation of reproducibility. Thus, the strong and significant increase in CCA score observed for relatives of FMD patients probably did not result from technical bias.
As familial cases of medial FMD were previously demonstrated to exhibit significantly more bilateral and multifocal renal artery lesions than in sporadic cases, 6 the hypothesis raised that familial forms could represent a sub-entity of the disease. We therefore focused on their first-degree relative's arterial phenotype. FMD relatives had highly abnormal CCA scores, with a mean value almost twice that for controls matched for age and sex and similar to that obtained for established sporadic cases of FMD. Eleven of the 47 FMD relatives were known to be hypertensive. A systematic FMD screening programme has been initiated in these relatives and should provide insight into the relationship between abnormal CCA score and renal FMD. Hypertension per se does not seem to affect arterial score, as shown in our previous study, in which FMD cases were compared with essential hypertension patients matched for age and sex. 10 In addition, As the data provided by the six pedigrees were insufficient to determine the mode of inheritance in a classical segregation analysis approach, we decided to compare mean scores in a generalized linear model, using GEE-based estimates of regression parameters and GEE-based parameter testing. This framework made it possible to take into account the non-independence of score values between related individuals and to adjust for age and sex, despite the small effects of these factors. When several related individuals are included in an analysis, neglecting the relatedness of the individuals tends to lead to misestimation of the variance of the parameters, artificially increasing or decreasing the significance of the test. In addition, GEEs make no assumptions about the distribution of the trait and GEE estimates are robust to even severe dependence misspecification. 12 For example, whereas the corrected test for score difference between sporadic and familial cases was not significant (P ¼ 0.07), a non-corrected test would have been significant (P ¼ 0.019 for a classical linear regression parameter t-test). Conversely, the corrected test contrasting scores in relatives and familial cases was significant (P ¼ 0.014), whereas a non-corrected test would not have been significant (P ¼ 0.18). Thus, family structure modeling has a large impact on the results obtained, justifying the use of a specific statistical approach.
The selection criteria applied in this study, with only relatives from families with at least two renal FMD cases included, precluded classical segregation analysis, as too many data were missing. Furthermore, the strength of selection may have been even stronger because we cannot rule out the possibility that the six families agreeing to participate in this extended study of relatives were more strongly affected than others or represented a particular subset of FMD families. Nonetheless, the higher mean arterial score in relatives than in controls and the lower score in relatives than in familial cases suggested a possible Mendelian distribution of high scores in relatives. Based on conditional information for the selected cases in the families, the pattern of segregation of a score 44 in pedigrees was consistent with an autosomaldominant model of inheritance.
Together the results of excess score in relatives, transmission pattern and specificity of the familial FMD forms suggest a possible monogenic sub-entity of FMD associated with a high score.
However, we cannot rule out that FMD is a heterogeneous multifactorial disease with a genetic component as suggested by Schievink et al. 17 in cervical artery dissections.
Perspectives
Vascular remodeling may result from common alterations, such as atherosclerosis, or more specific genetic vascular disorders. IMT has been shown to be heritable and useful for mapping genes influencing this trait. 18 In monogenic connective tissue diseases (Marfan, Williams-Beuren and vascular Ehlers-Danlos syndromes), precise characterization of the arterial phenotype has highlighted the role of extracellular matrix signaling in vascular wall structure. [19] [20] [21] Our results, based on the use of an arterial score in renal FMD, provide strong evidence that FMD is a systemic inheritable disease. The use of this score as a surrogate trait for genetic linkage studies will require its validation in a larger number of families. Moreover, the comparison between relatives scores of sporadic cases with asymptomatic relatives of familial cases could be proposed previously to reinforce the hypothesis of a dominant mode of inheritance of the trait.
This study also has clinical implications. A score 44 in a relative of a familial FMD patient should lead the physician to suspect renal FMD. We have shown that the specificity and sensitivity of carotid score are in the range of gold standards for the detection of renal FMD in selected patients. 10, 22, 23 Prospective evaluation, using this score, would therefore be proposed as the determination of this score is a non-invasive test that could be used to identify patients likely to have renal FMD. A complete diagnostic procedure in hypertensive
What is known about this topic K Medial renal artery FMD is a rare, non-atherosclerotic, noninflammatory vascular disease with stenoses and saccular aneurysms. It may lead to renovascular hypertension when stenoses are severe. K We have previously shown that medial FMD may present as a familial disease in about 6% of cases. It has also been suggested that FMD is transmitted as an autosomal-dominant disease with incomplete penetrance and variable clinical symptoms. K In a previous study, we demonstrated that an elevated echotracking score at the common carotid artery site was strongly associated (OR ¼ 12.9) with sporadic medial FMD patients compared with matched control subjects.
What this study adds K In this study, we perform a segregation analysis in six families, treating arterial score as a dichotomous trait and using a GEE approach, which takes into account the clustering of data in families. K We found evidence of arterial wall subclinical lesions in relatives of FMD pedigrees. The threshold was optimized using ROC curves and we found that distribution of 'score 44' was consistent with autosomal-dominant transmission of the trait. K We provide here further evidence that FMD may be a systemic, inheritable disease, based on the use of echotracking arterial score as a surrogate marker of renal FMD to characterize the genetic component of the disease.
Abbreviations: FMD, fibromuscular dysplasia; GEE, generalized estimating equation; OR, odds ratio; ROC, receiver operating characteristic.
Evidence of arterial wall subclinical lesions in relatives of FMD pedigrees J Perdu et al individuals related to patients with renal FMD, regardless of arterial score, could serve as the first step in such an evaluation. It remains unclear how normotensive relatives with high echotracking scores should be investigated, because subclinical renal FMD lesions are known to predispose the subject to early hypertension. 24, 25 
